MicroRNAs (miRNAs) are widely expressed in organisms and are implicated in the regulation of most biological functions. The present study investigated the association of plasma miRNAs with the clinical outcomes of dual antiplatelet therapy in coronary artery disease (CAD) patients who underwent percutaneous coronary intervention (PCI). Plasma miRNA levels were screened using high-throughput Illumina sequencing to evaluate the antiplatelet efficacy of clopidogrel and aspirin. Six plasma miRNAs (miR-126, miR-130a, miR-27a, miR-106a, miR-21, and miR-142) were associated with clopidogrel-treated platelet aggregation. These miRNAs were validated in a prospective cohort of 1230 CAD patients using quantitative reverse transcription-polymerase chain reaction (qRT-PCR). High plasma miR-142 levels were associated with a high risk of major adverse cardiovascular events (MACE), with a hazard ratio (95% confidence interval) of 1.83 (1.30-2.59) at a false discovery rate of <5%. Multivariable Cox regression analysis revealed that diabetes mellitus, heart failure, calcium channel blocker application, and a high plasma miR-142 level were independent risk factors of MACE. The levels of the six plasma miRNAs were not significantly associated with bleeding events during the 3-year follow-up. In conclusion, plasma miR-142 is potential marker to predict MACE in CAD patients after PCI.
INTRODUCTION
Dual antiplatelet therapy using aspirin and clopidogrel is the standard of care for patients suffering from coronary artery disease (CAD) and undergoing percutaneous coronary intervention (PCI) [1] . However, the pharmacodynamic effects of clopidogrel vary substantially among individuals, and patients with reduced platelet inhibition are at an increased risk of major adverse cardiovascular events (MACEs) [2] . Some patients also experience drug-induced bleeding because of excessive platelet inhibition [3] .
MicroRNAs (miRNAs), which are small noncoding RNA molecules approximately 22 nucleotides long, can play important regulatory roles in complex biological processes linked to multiple cardiovascular pathological conditions, including left ventricular hypertrophy, ischemic heart disease, heart failure, hypertension, and arrhythmias [4] . miRNAs stably exist in the blood, including the plasma, platelets, red blood cells, and nucleated blood cells, and they evade degradation by endogenous RNA polymerase [5] . miRNAs recognize their target mRNAs based on sequence complementarity and act at these sites to inhibit protein translation via mRNA degradation [6] . In clinical practice, miRNAs may be used as relevant biomarkers for diagnostic, prognostic, and monitoring purposes.
This study investigated the association of plasma miRNAs with the antiplatelet efficacy of clopidogrel and aspirin by evaluating the risk of MACE and the occurrence of bleeding events in CAD patients after PCI.
MATERIALS AND METHODS
Study subjects and ethics statement CAD patients were sequentially enrolled in Guangdong General Hospital from 2010 to 2014. CAD was diagnosed on the basis of angiographically documented coronary artery stenosis (≥50% luminal stenosis). All patients received dual antiplatelet therapy of clopidogrel and aspirin after PCI surgery. Patients were unrelated male and female Han Chinese between 40 and 80 years old. Demographic data, medical history, and medications were collected from the hospital information database.
The following exclusion criteria were used: advanced cancer, renal failure, hepatic failure, pregnancy, lactating, planning to become pregnant, any contraindication to aspirin or clopidogrel therapy, and preexisting bleeding disorders.
The study protocol was performed in accordance with the principles of the Declaration of Helsinki, and the Ethics Committee of Guangdong General Hospital approved the protocol. This study of 1230 CAD patients is registered in the Chinese Clinical Trial Registry (Registration number: ChiCTR-OCH-11001198). Each patient provided written informed consent to participate in the study.
Patient management and technological processes
This study involved two phases: (1) miRNA sequencing and (2) validation of the laboratory technique. A total of 115 CAD patients received 300 mg of a loading dose of clopidogrel and 100 mg of aspirin in the miRNA sequencing phase. Platelet aggregation rate units, including aspirin reaction unit (ARU) and P2Y12 reaction unit (PRU), were detected at 4 h using the VerifyNow (Accumetrics Inc., San Diego, CA, USA) assay. Patients were divided into four subgroups according to low or high ARU or PRU. The plasma from each subgroup was pooled in equal volumes, and total RNA was extracted. Pooled plasma miRNA levels were measured using high-throughput Illumina sequencing. A technique validation step by quantitative reverse transcription polymerase chain reaction (qRT-PCR) was designed to validate the plasma miRNA levels in each subgroup, and the plasma miRNA level was verified individually in 115 CAD patients using qRT-PCR. The screened miRNAs were subsequently validated using qRT-PCR in a prospective cohort of 1230 CAD patients who were followed up for 3 years. Figure 1 shows the flowchart of this procedure. Fig. 1 Flowchart of the technological process. CAD, coronary artery disease; PCI, percutaneous coronary intervention; ARU, aspirin reaction unit; PRU, P2Y12 reaction unit Study endpoints and follow-up Follow-up information was collected on the basis of inpatient and outpatient hospital visits and telephone contacts with patients or their families. The primary efficacy and safety outcomes were used as study endpoints. The primary endpoints were defined as MACEs, including cardiovascular death, myocardial infarction, or stent thrombosis, during a 3-year follow-up period. The records of patient's clinical endpoints were registered 6, 12, 24, and 36 months after PCI. Clinical safety outcomes were major and minor bleeding events defined according to Serebruany et al. [7] .
Antiplatelet effect analysis The antiplatelet effectiveness of clopidogrel and aspirin was measured using the VerifyNow assay as described by the manufacturer. This instrument measures light transmittance as aggregation occurs, and data are converted into ARU or PRU. High on-treatment platelet reactivity (HTPR) is associated with worse outcomes, and HTPR was defined as PRUs > 208 for clopidogrel and ARUs > 550 for aspirin [8] .
miRNA extraction Blood samples were collected and anticoagulated using ethylenediamine tetraacetic acid dipotassium salt. Blood samples were centrifuged at 3000 revolutions per minute for 10 min to remove the blood cells, and the supernatant was transferred to microcentrifuge tubes, followed by a second centrifugation at 12,000 revolutions per minute for 10 min. Plasma was harvested, aliquoted and stored at −80°C until analysis. Total RNA, which contained miRNA, was isolated from 200 µL of the plasma using the mirVana PARIS kit (Ambion, Foster City, CA, USA) according to the manufacturer's instructions. (20 µL) from 20 individuals were mixed in the same subgroup. We extracted the total RNA from each subgroup for high-throughput sequencing. The BGI Company (Shenzhen, China) performed the highthroughput sequencing and analyzed the plasma miRNA levels from the mixed pool. This sequencing method was used to screen the plasma miRNAs that exhibited differences in expression. Two biological replicates and two technical replicates were performed.
RNA sequencing is a powerful technique for discovery-phase research, but qRT-PCR is superior to many miRNA quantification methods [9, 10] . Plasma concentrations of miR-126, miR-130a, miR-27a, miR-106a, miR-21, and miR-142 were determined by qRT-PCR. Total RNA (2 µL) was reverse-transcribed using the PrimeScript RT Reagent Kit (Takara, Japan) in accordance with the manufacturer's protocol. The qRT-PCR results were analyzed using Bulge-Loop™ miRNA primers (Ribobio Co, Guangzhou, China) and iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), in accordance with the manufacturer's protocol, in a Bio-Rad CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Cel-miR-39 was used as an endogenous control. The relative expression levels of miRNAs were normalized to cel-miR-39 and calculated using the equation 2 . All measurements were performed in duplicate, and the mean Ct values were calculated. Replicates/wells with Ct > 35 were excluded.
Statistical analysis Demographic and clinical characteristics are summarized using counts (percentages) for categorical variables and the means ± standard deviation (SD) for continuous variables. The normality of the distribution of continuous variables was checked using the Shapiro-Wilk normality test. Logarithmic transformation was performed prior to analysis if the ranges of the dependent variables were skewed. Differences in baseline characteristics between patients who were sensitive and resistant to aspirin or clopidogrel were compared using logistic regression analysis. Spearman correlation analysis was calculated to describe the correlation between PRU and plasma miRNA expression levels. The two-tailed Mann-Whitney test was used to compare plasma miRNA expression levels between patients with and without clopidogrel resistance. A univariate logistic regression analysis was performed to evaluate the independent effects of baseline demographic and clinical characteristics and plasma miRNA levels on the risk of bleeding and to calculate odds ratios (ORs) and 95% confidence intervals (CIs). Cox regression analyses were used to evaluate the effects of clinical characteristics on MACE. Variables with P < 0.10 were entered into the multivariable Cox regression model, and only variables with P < 0.10 were retained in the model. Variables included age, gender (coded as 0/1), diabetes mellitus, hypertension, heart failure (coded as 0/1) and use of medications (coded as 0/1). A false discovery rate (FDR) control was used to correct for multiple comparisons using the SAS PROC MULTTEST with the FDR option. P-values < 0.05 were considered statistically significant, and the FDR was controlled to the 0.05 level. Data analyses were performed using SAS 9.1 (SAS Institute, Cary, NC, USA).
RESULTS
Clinical trial cohort for screening plasma miRNAs related to dual antiplatelet efficacy A total of 115 CAD patients who were enrolled in Guangdong General Hospital from October 2013 to January 2014 received a 300-mg loading dose of clopidogrel and 100 mg of aspirin. All patients were unrelated male and female Han Chinese patients between 54 and 75 years old.
Supplementary Table S1 and Table S2 show the differences in baseline characteristics between patients sensitive and resistant to aspirin and clopidogrel. Higher AST and CKMB levels were significantly associated with lower ARUs, with an OR (95% CI) of 0.97 (0.94-1.00) (P = 0.0416) and OR (95% CI) of 0.91 (0.83-0.99) (P = 0.0301), respectively, which indicates that patients with higher AST and CKMB were more sensitive to aspirin (Table S1 ). The effects of statin application were similarly associated with aspirin sensitivity, with an OR (95%) of 0.12 (0.00-0.63) (P = 0.0284). Higher LDLC and CHOL levels were significantly associated with higher PRUs, with ORs (95% CI) of 1.67 (1.04-2.67) and 1.47 (1.02-2.13) (all P < 0.05), respectively (Table S2 ). These results demonstrated that LDLC and CHOL were risk factors for clopidogrel resistance.
Plasma miRNA discovered by high-throughput sequencing and validated by qRT-PCR The differential expression of known miRNAs in the four groups (LowARU LowPRU, LowARU HighPRU, HighARU LowPRU and HighARU HighPRU groups) was compared to identify differentially expressed miRNAs. We anticipated that the expression of miRNAs in the LowARU HighPRU and HighARU HighPRU groups would be higher than the corresponding control groups. The Illumina sequencing revealed that 17 miRNAs complied with our expected trend: miR-27a-3p, miR-17-3p, miR-17-5p, miR-21-3p, miR-21-5p, miR-28-5p, miR-32-5p, miR-101-3p, miR-106a-5p, miR-126-5p, miR130a-3p, miR-142-5p, miR-181c-3p, miR-184, miR-192-5p, miR-342-3p, and Let-7i-5p. These 17 miRNAs were validated by qRT-PCR. miR-32-5p, miR-28-5p, miR-21-3p, miR-181c-3p, and miR-17-3p were undetectable under the same experimental conditions because of undesirable amplification and melt curves. qRT-PCR of the remaining 12 miRNAs demonstrated that half of the miRNAs (miR-21-5p, miR-27a-3p, miR-106a-5p, miR-126-5p, miR-130a-3p , and miR-142-5p) were upregulated in the same pools, which was consistent with the Illumina sequencing results. Six other miRNAs (miR-17-5p, let-7i-5p, miR-101-3p, miR-184, miR-192-5p, and miR-342-3p) showed inconsistent results with the Illumina sequencing and were excluded from further analysis. Table S3A and Table S3B show the patient characteristics and their associations with the levels of 6 plasma miRNAs. Females were associated with a lower plasma level of miR-126-5p with an estimate of -0.2816 (P = 0.0246) in univariate analysis. Comorbidity of diabetes was associated with higher plasma levels of miR-126-5p (Estimate = 0.2773, P = 0.0133) and miR-130a-3p (Estimate = 0.2967, P = 0.0257). A higher level of apolipoprotein A (apoA) was associated with a lower plasma level of miR-21-5p (Estimate = -0.5878, P = 0.0063), and a higher level of creatine kinase (CK) was associated with a lower plasma level of miR-126-5p (Estimate = −0.0004, P = 0.0335). A higher level of highdensity lipoprotein cholesterol (HDLC) was associated with higher plasma levels of miR-126-5p (Estimate = 0.4498, P = 0.0262) and miR-130a-3p (Estimate = 0.6687, P = 0.0053). The effect of the application of proton pump inhibitors (PPIs) was significantly associated with higher plasma levels of miR-27a-3p, miR-126-5p, miR-130a-3p and miR-142-5p (P = 0.0005, 0.0440, 0.0109, 0.0444, respectively).
Multivariate analysis demonstrated that CK, HDLC, diabetes, and PPIs application were independent factors of the variability of plasma miR-126-5p levels (P = 0.0147, 0.0418, 0.0046, and 0.0263, respectively). HDLC, diabetes and application of PPIs were independent factors that influenced the variability in plasma miR-130a-3p levels (P = 0.0059, 0.0479, and 0.0122, respectively).
Plasma miRNAs were associated with clopidogrel-treated platelet aggregation Figure 2 shows the correlation between PRU and the expression levels of the six validated miRNAs in all 115 CAD patients. miR-126, miR-142, miR-130a, miR-27a, and miR-21 exhibited levels that were significantly associated with PRU (P < 0.05). Further analysis indicated that the plasma levels of miR-126, miR-130a, miR-142, miR-27a, and miR-106a were high in individual patients resistant to clopidogrel treatment (P < 0.05; Fig. 3 ). The expression levels of miR-27a, miR-126, and miR-130a were significantly increased in patients resistant to clopidogrel and sensitive to aspirin (P < 0.05; Fig. 4) . The expression level of miR-21 was significantly decreased in patients resistant to clopidogrel (P < 0.05). However, among patients who were resistant to aspirin, the miR-126, miR-142, miR130a, miR-27a, and miR-21 levels were significantly higher in patients resistant to clopidogrel than in patients sensitive to clopidogrel (P < 0.05; Fig. 5 ).
Predicting the value of plasma miRNA on MACE in CAD patients A total of 1230 CAD patients undergoing PCI were sequentially enrolled in Guangdong General Hospital during March 2010 to June 2014. All CAD patients were between 53 and 75 years old and were unrelated Han Chinese. A total of 31 patients who were lost to follow-up (e.g., unreachable via phone; n = 18) or whose plasma samples after PCI were unavailable (n = 13) were excluded. The remaining 1199 patients were investigated. Table S4 shows the baseline clinical characteristics and their effects on MACE in 1199 patients after PCI. Their mean age was 63.75 years, and approximately 80.23% were males. The use of CCBs (hazard ratio [HR] = 2.48, 95% confidence interval [CI] = 1.60-3.82, P < 0.0001) and PPIs (HR = 1.87, 95% CI = 1.17-2.99, P = 0.0091) was associated with a significantly higher risk of MACE in patients after PCI.
All six miRNAs were present at quantifiable levels in the plasma samples of the prospective cohort. A high miR-142 level was associated with a high risk of MACE, with an HR (95% CI) of 1.83 (1.30-2.59) at a FDR of < 5% (Table 1) . Multivariable Cox regression analysis revealed that a high plasma miR-142 level, diabetes mellitus, heart failure, and the use of CCBs were independent risk factors for MACE, with HRs (95% CI) of 1.92 (1.37-2.69), 1.73 (1.12-2.67), 3.13 (1.91-5.11), and 2.07 (1.34-3.18), respectively ( Table 2 ).
The value of plasma miRNA in predicting bleeding events in CAD patients The primary safety endpoint of bleeding during the follow-up period occurred in 249 patients (20.8%), including 122 patients with petechia or ecchymosis events, 68 patients with melaena or gastrointestinal bleeding events, 55 patients with unusual events of bleeding from the mouth or gums, 2 patients with epistaxis events, and 2 patients with hematuria events. Table S5 shows the baseline characteristics of the prospective cohort according to bleeding status. Univariate analysis revealed that LDLC (OR = 1.17; 95% CI = 1.01-1.34) and the use of PPIs (OR = 1.58; 95% CI = 1.19-2.12) were associated with a high risk of bleeding events. However, the expression level of plasma miR-21, miR-27, miR-106a, miR-126, miR-130a, or miR-142 did not significantly affect the bleeding events in CAD patients (P > 0.05).
DISCUSSION
The results of this study showed that high plasma miR-142 levels were associated with a significantly high risk of MACE in dual antiplatelet-treated patients undergoing PCI. However, no significant association was observed between the levels of six plasma miRNAs and the bleeding events during the 3-year follow-up.
Patients in the initial screening phase were divided into four groups according to low or high ARU or PRU, and an equal volume of plasma from each group was pooled. The pooling method has the advantage that it allows the detection of miRNAs that are expressed in most of the subjects in each group. This method of pooling plasma samples is a widely used technique that is reliable for profiling, and it reduces sample variation and enriches miRNAs that are most likely to change between groups [11] [12] [13] [14] .
Accumulating evidence suggests that miR-142-5p is hematopoietic-specific in the circulation [15] [16] [17] . It is a key regulator in macrophage apoptosis, cardiac hypertrophy, atherosclerosis, and heart failure [18] [19] [20] . Platelet extracellular vesicles exhibit upregulated miR-142-5p, which is involved in vascular and metabolic disease [21] . miR-142 is suppressed in a hypertrophic heart model and human cardiomyopathic hearts [22] . miR-142-5p was upregulated in heart failure patients undergoing implantation of a left ventricular assisting device. The identified miRNAs may contribute to the molecular regulation of reverse remodeling and heart recovery mechanisms [20] . The inhibition of miR-142-5p attenuated OGD/R-induced cell injury and oxidative stress, and overexpression of miR-142-5p aggravated these conditions [23] .
Overexpression of miR-142-5p during hypoxia produced extensive cell injury and apoptosis, and suppression of miR-142-5p significantly promoted cell viability and attenuated cell apoptosis [24] . Xu et al. [18] demonstrated that the upregulation of miR-142-5p expression regulated apoptosis in human macrophages via the targeting of TGF-β2 in the progression of atherosclerosis. Sharma et al. [19] reported that the forced expression of miR-142 during hypertrophic growth produced extensive apoptosis and cardiac dysfunction. Barsanti et al. [20] found that the expression levels of identified miRNAs, including miR-142-5p, were correlated with offpump cardiac index values and may contribute to the molecular regulation of reverse remodeling and heart recovery mechanisms. Molecular function analyses revealed that the B-cell translocation gene may be a direct target of miR-142-5p, which regulates vascular cell proliferation [25] . We hypothesized significant associations among miR-142, platelet reactivity and the risk of cardiovascular events based on the role of miR-142 in cardiovascular diseases. The present study demonstrated that high plasma miR-142 levels were associated with a high risk of MACE. Further cytological experiments are necessary to elucidate the molecular mechanisms of miR-142 in the regulation of platelet function. Platelets contain and release miRNAs and are a major source of miRNAs in plasma. Previous studies demonstrated that platelet activation triggered the release of miRNAs into circulation, and antiplatelet therapy reduced plasma levels of platelet-related miRNAs [26, 27] . Shi et al. [28] suggested that a blunted response to the P2Y12 antagonist, that was, HTPR, was a strong predictor of MACEs in patients with coronary heart disease receiving antiplatelet therapy. Our results are consistent with these data. In this study, miR-142-5p was upregulated in plasma samples of patients with high PRU, which suggests an increased release of miR-142 as a resistance response to antiplatelet treatment. Our data also demonstrated that plasma miR-142 was a potential biomarker to evaluate the antiplatelet efficacy of clopidogrel and aspirin and predict MACE as the clinical endpoint.
The use of CCBs and PPIs was associated with a significantly high risk of MACE in patients after PCI. Previous studies reported that the concomitant use of CCBs and PPIs inhibited the antiplatelet activity of clopidogrel because of the inhibition of CYP3A4 and CYP2C19 isoenzymes, respectively [29] [30] [31] . More studies are needed to confirm our findings. However, physicians should exercise appropriate caution when prescribing CCBs or PPIs for patients who have recently undergone PCI and receive clopidogrel.
There were some limitations in this study. First, our findings should be cautiously interpreted because all of the subjects were from the same ethnic background and geographical region. Second, there was a lack of detection of the association of plasma miR-142 levels with clopidogrel efficiency in the 1230 patients. Third, we only discovered the phenomenon of plasma miRNA via evaluation of the antiplatelet efficacy of clopidogrel, and the precise mechanisms remain unknown.
In conclusion, plasma miR-142 was identified as an intermediate biomarker to evaluate the antiplatelet efficacy of clopidogrel and predict MACE in CAD patients after PCI. Our results provide a new basis for the development of appropriate biological indicators corresponding to the efficacy of antiplatelet treatment in vivo. Plasma miR-142 predicts major adverse cardiovascular events QJ Tang et al.
